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Modelling non-paradoxical loss of information
in black hole evaporation
Sujoy K. Modak and Daniel Sudarsky
Abstract We give general overview of a novel approach, recently developed by
us, to address the issue black hole information paradox. This alternative viewpoint
is based on theories involving modifications of standard quantum theory, known
as “spontaneous dynamical state reduction” or “wave-function collapse models”
which were historically developed to overcome the notorious foundational prob-
lems of quantum mechanics known as the “measurement problem”. We show that
these proposals, when appropriately adapted and refined for this context, provide a
self-consistent picture where loss of information in the evaporation of black holes is
no longer paradoxical.
1 Introduction
The black hole information problem [15] is one of the most debated and controver-
sial problems of theoretical physics, and has been the focus of considerable attention
from various theoretical viewpoints during the last four decades (see [18] for a ped-
agogic introduction). We in fact note Paddy’s recent proposal [16], [17] connected
to this issue. The main reason behind this activity is the fact that while according
to the unitary evolution law of Quantum Mechanics (QM), all information about
a quantum state at any time is encoded in the state at any other time, the process
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Fig. 1 Penrose diagram showing black hole formation and evaporation. The initial spacetime is
Minkowskian at I − and at the end of Hawking evaporation Quantum Gravity (QG) resolves the
would be classical singularity making the final spacetime asymptotically flat at I +.
of thermal black hole evaporation via Hawing radiation poses a “threat” to such an
expectation, leading to the so called “paradox”.
More specifically, let us consider the formation (by gravitational collapse) of a
black hole and its subsequent evaporation (by Hawking effect) as shown in Fig. 1.
Let the initial state of the matter, defined on an initial Cauchy slice Σ0, be character-
ized at the quantum level, by some pure, perhaps a coherent state. Under appropriate
circumstances this matter collapses forming the black hole, and any quantum field,
in this space-time will contribute to the Hawking radiation at late times. The radia-
tion is characterized, in full, simply by the temperature and in particular it will be
the same for any initial mass regardless the details of the initial quantum state. Thus
unless some dramatic departure from the above picture takes place there would be
no way to retro-dict the initial state from the former. The mapping from initial to
final states would not be invertible and in particular it would fail to be represented
in terms of a unitary operator.
The point is that, attempts to explain how the full state of the quantum fields
unitarily related to the initial state would be encoded on late time hypersurfces such
as Σ2∪ (J−(q)∩I +), have been unsuccessful until this date.
This, in turn, leads the majority of the physicists to believe that the fate of in-
formation and problem of unitarity in black hole evaporation is a unique situation
where the unitarity of quantum evolution is in question . The recent finding of “fire-
wall problem” [1] when considering a solution to the problem based on an approach
known as based on “ black hole complementarity” [32] is often presented as reflect-
ing the tension between the unitarity of QM and equivalence principle of general
relativity (GR).
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We, however, need to be a bit more careful because the mapping implied by quan-
tum theory is expected to be unitary only if it refers to states defined on complete
Cauchy hypersurfaces. The point is that, while the initial state was characterized on
Σ0, which is a true Cauchy hypersurface, the late time hypersurfaces would fail to be
Cauchy hypersurfaces due to the presence of a space-time singularity deep within
the black hole. This singularity (or more precisely a surface arbitrarily close to it)
can in fact be considered as a boundary of the space-time and thus as a necessary
component of any true late time Cauchy hypersurface. However the singularity is
generally expected to be a feature of the fact that we have not incorporated the as-
pects of quantum gravity which should cure this singularity removing the need to
include the extra space-time boundary. It is then and only then that we face a truly
problematic situation [22].
Therefore the real tension between quantum theory and general relativity in the
context of black hole formation and evaporation arises only when we view that
quantum gravity will remove the singularity and thus the need to include a space-
time boundary. It is then and only then that we face something that could be con-
sidered truly paradoxical. We could now ask ourselves, what would be the problem
of adopting the position that, all processes involving black hole evaporation do in
fact break the unitarity of quantum evolution? As we see it, the problem with that
position would be that, as we just saw, we would be working in a context where we
imagine having incorporated aspects of quantum gravity in the discussion. Having
done that, it seems inevitable to view processes such as black hole formation and
evaporation as part of a larger class of processes, after all, the black hole concept
is essentially a global one. That is the notion of Black Hole is not one that could
be considered as lying at the basic formulation of the theory, which is expected to
be described in terms of some fundamentally local degrees of freedom, rather that
the global notions such as event horizons, or trapped surfaces that should appear
only as secondary and emerging entities. In fact we should expect that black hole
creation and evaporation should appear in the theory occurring also as virtual pro-
cess contributing to essentially all physical processes, thus raising the question of
when precisely can we expect to have an exact unitary evolution law as dictated by
standard quantum theory.
In fact the black hole information issue, motivated the analysis in [2] where it
was argued that loss of unitary would be need to accompanied by unacceptably
large violations of energy conservation or of causality. A subsequent study of the
issue reveled however that those arguments were not very robust, and that such
expectations could be radically modified [35].
These considerations open the door to considering the question of information
loss in the context of possible of modified versions of quantum theory involving
departure from unitary evolution at the fundamental level.
In fact it is fair to say that all the approaches that have been proposed so far
for the recovery of information (and the full quantum state that is unitarily related
to the initial one) have not been successful as they end up adding to more prob-
lematic aspects to the picture. A big motivation of this rather “one way traffic” is
the adherence to the notion that failure of unitarity in black hole evaporation would
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completely invalidate QM. However, as we advocate here, the situation is not as sim-
ple, because the violation of unitarity is not only not unexpected in quantum context
but rather a common occurrence in any situation, normally thought as involving the
collapse of wave-function due to whatever reason (natural interaction or laboratory
measurement). That is, we have further motivation to consider the issue at hand, in
connection with the so called general measurement problem in quantum theory.
Therefore, in contrast with the established tradition we will discuss here an ap-
proach based on the exact opposite possibility, i.e. the necessity of loss of informa-
tion during black hole evaporation just as in most ordinary situations involving the
quantum regime, thus “dissolving” the paradox.
This “dissolution” comes of course at the cost of losing quantum mechanical uni-
tarity and one might worry whether we would lose with it all the successes of stan-
dard QM. We furthermore note that from the foundational point of view regarding
quantum theory, there have been various proposal of a modified version of quantum
dynamics incorporating a spontaneous collapse of the wave-function to elevate QM
from a theory of measurement to the theory of reality (see [27] for the terminology)
in a manner that the subjective role of an observer becomes removed and one can
treat QM objectively without introducing any extraneous notion of observer as an
essential entity shaping reality. This collapse process is spontaneous and stochastic,
and it is implemented in such a manner that the well established and experimentally
successful predictions of quantum mechanics remain unaffected, while a gradual
difference in the predictions appears as the quantum system’s size approaches that
of macroscopic object (for an account of ongoing experimental endeavor, see [4]
). Thus, in building such type of theories, the aim is to resolve the measurement
problem and eliminate various in-built two level descriptions of reality in Copen-
hagen interpretation; such as, micro/macro, classical/quantum, system/apparatus,
system/observer, system/environment etc.
In this article, we will not discuss in detail any of these proposals (for that we
refer the reader to the papers [10]-[13], [23]-[27], [5, 28, 29, 33, 34] as well as re-
view articles [3, 4]), but we shall use some specific models and provide a concrete
example offering a overview of the manner in which such models can deal with the
information problem in black holes leading to a picture where the associated break-
down of unitarity is a part and parcel of the (modified) general quantum mechanical
evolution.
2 Measurement problem and models of wave-function collapse
According to the Copenhagen interpretation of quantum mechanics there are two
distinct evolution rules for the quantum state/wave-function of a system. First, a
continuous evolution as dictated by the Schro¨dinger equation and valid while the
system is left alone and free from observations, and the second, a discontinuous and
stochastic jump to one of the eigenstates (dictated by Born probability rule) of some
self-adjoint operator in the Hilbert space once measurement by an external observer
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takes place. As characterized by R. Penrose, the first case is a unitary evolution or
the U−process, while the second case is a reduction or the R−process, and measure-
ment is a notion that separates these two processes. The problem is that within the
standard view of QM, measurement does not have any kind of rigorous definition,
nor is it clear when exactly it is performed during a evolution. In fact such vague
and artificial division has been sharply criticized by J. Bell [7]
...If the theory is to apply to anything but highly idealized laboratory operations, are we not
obliged to admit that more or less ‘measurement-like’ processes are going on more or less
all the time, more or less everywhere? Do we not have jumping then all the time?
Also, it is an in-built aspect of the standard presentations, that without observer or
some entity which is “measuring” the system, no specific outcome is presupposed
in QM.
Within the community, working on the foundation of quantum mechanics, there
are of course diverse viewpoints regarding the measurement problem. These include
the Many World Interpretations, in its various forms, the Bohmian Mechanics pro-
gram representing a reliance on nonlocal hidden variables, and the proposals for uni-
fying the U and R processes, referred as the Dynamical Reduction Program (DRP),
pioneered by Pearle, Ghirardi, Rimini and Weber.
The DRP first included a discrete process of collapse in the wave-function/quantum
state, driven by an additional non-unitary and stochastic term modifying the Schro¨dinger
evolution.
The basic idea in those proposals is that the evolution of systems with very small
number of degrees of freedom is dominated by the standard part of the dynamics
resulting in very small deviations from that predicted by standard theory, ensuring
the reproduction of the stupendous success of quantum theory in high precision
laboratory experiments whereas, the non-standard terms becomes dominant when
a rather large number of degrees of freedom appear in a state representing a rather
delocalized quantum superposition, thus ensuring the rapid collapse to one or the
other of the classical looking components of Schro¨dinger cat states.
This feature ensures that when, what is normally called a measurement is per-
formed, the system is driven to one or the other eigenstates of the apparatus’
pointer’s position simply because such pointer consists of a macroscopically large
number of degrees of freedom. That is, as a result of the new general dynamical law
the theory reproduces the standard predictions of quantum theory regarding the mea-
surement of the appropriate self-adjoint operator. The first and is simplest success-
ful model of this kind known as Ghirardi-Rimini-Weber (GRW) theory [11], which
was later improved to deal with identical particles in a scheme that makes wave-
function collapse a continuous process and known as the CSL theory [12, 26, 27].
Their recent advances in this direction have resulted in proposals for relativistic ver-
sion of both type of theories [5, 28, 29, 33]. In this article we restrict ourselves to
the non-relativistic framework of CSL theory to adress the issue of black hole infor-
mation and for the relativitic framework we refer the interested reader to our recent
work [6].
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2.1 CSL theory: non-relativistic setting
The non-relativistic version of the CSL theory [12, 26, 27] is, at this point, much
better explored than the relativistic counterpart and it is defined by following two
equations: (i) A stochastically modified Schro¨dinger equation, whose solution is:
|ψ, t〉w = Tˆ e−
∫ t
0 dt
′
[
iHˆ+ 14λ0
[w(t ′)−2λ0Aˆ]2
]
|ψ,0〉, (1)
where Tˆ is the time-ordering operator, w(t) is a random, white noise type classical
function of time and its probability distribution is given by the second equation, (ii)
the Probability Distribution (PD) rule:
PDw(t)≡ w〈ψ, t|ψ, t〉w
t
∏
ti=0
dw(ti)√
2piλ0/dt
. (2)
Thus the standard Schro¨dinger evolution and corresponding changes in the state
corresponding to a “measurement” of the operator Aˆ are unified and the dynamics
does not allow any superluminal signaling. In the non-relativistic limit, for a single
particle, the proposal assumes that there is a spontaneous and continuous reduction
characterized by Aˆ = Xˆδ , where Xˆδ is a suitably smeared position operator (with
the smearing characterized by the scale δ ). This smearing of the position operator
is required to avoid an uncontrolled increase in energy associated with a point-like
collapse event. The resultant theory can be applied to all situations without invoking
any measurement device or observer. This framework can be easily extended to
multiparticle system by choosing a set of operators representing each particle so that
everything, including, the apparatuses are treated quantum mechanically. The final
theory, thus seems to successfully address the measurement problem and completely
overlook various two level descriptions in Copenhagen interpretation.
Since the final outcome of the collapse of an individual state vector is uncertain,
it is useful to consider a collection of identical initial state and describe the evolution
of an ensemble in the language of a density matrix. The CSL evolution of density
matrix can be derived from a Lindblad type equation with a solution [12, 26, 27]
ρ(t) = Tˆ e−
∫ t
0 dt
′
[
i(Hˆ−→−Hˆ←−]+
λ
2 [ Aˆ−→− Aˆ←−]
2
]
ρ(0) (3)
where the arrows mean the operators act on the left or right of ρ(0).
3 Callan-Giddings-Harvey-Strominger (CGHS) Model
We choose the 2 dimensional version of black hole formation and evaporation, pro-
vided by the CGHS model [8], to exhibit an explicit realization of our proposal. The
CGHS action is given by
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S =
1
2pi
∫
d2x
√−g
[
e−2φ
[
R+4(∇φ)2+4Λ 2
]− 1
2
(∇ f )2
]
where φ is the dilaton field, Λ 2 is a constant, and f is a real scalar field, represent-
ing matter. The Penrose diagram of CGHS model is shown in Fig. 2. Before the
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Fig. 2 Penrose diagram for CGHS spacetime. Minkowskian and black hole regions are separated
by a sharp gravitational collapse of null matter like photon.
gravitational collapse (x+ < x+0 ), the metric is Minkowskian, usually known as the
dilaton vacuum (region I and I’), given by ds2 =− dx+dx−−Λ2x+x− , whereas, at x+ > x+0
it is represented by the black hole metric (region II, III)1 ds2 = − dx+dx−M
Λ −Λ2x+(x−+∆)
.
In regions I and I’, natural Minkowskian coordinates are y+ = 1Λ ln(Λx
+),y− =
1
Λ ln(− x
−
∆ ), with −∞ < y− < ∞; −∞ < y+ < 1Λ ln(Λx+0 ). On the other hand, on
the BH exterior (region II), where physical observers might exist, one has the
coordinates σ+ = 1Λ ln(Λx
+) = y+,σ− = − 1Λ ln(−Λ(x−+∆)) and the metric is
ds2 = − dσ+dσ−
1+(M/Λ)eΛ(σ−−σ+)
with −∞ < σ− < ∞ and σ+ > σ+0 = 1Λ ln(Λx+0 ). It
is easy to check the asymptotic flatness of the black hole metric by introducing
Schwarzschild like time t and space r coordinates [19, 20] using tanh(Λ t) = T/X
and − 1Λ2 (e2Λr−M/Λ) = T 2−X2.
The quantum description of the field f can be made using two different natural
bases. In the asymptotic past (I −L ∪I −R or in) region, the basis mode functions are
chosen to be: uRω =
1√
2ω
e−iωy− and uLω = 1√2ω e
−iωy+ , with ω > 0 (R and L indicate
1 more precisely, region I’, although flat, is also part of the interior of the event horizon as nothing
in that region can ever reach I +R
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right and left moving modes respectively). The tensor product of respective vacuum
state defines the in vacuum (|0in〉R⊗ |0in〉L). In the asymptotic future (out region)
we use a basis of modes that have support in the outside (exterior) and inside (in-
terior) to the event horizon. The mode functions in the exterior to the horizon are:
vRω =
1√
2ω
e−iωσ−Θ(−(x−+∆)) and vLω = 1√2ω e−iωσ
+Θ(x+− x+0 ). Similarly, and
in order to have a complete out basis, one chooses a set of modes for the black hole
interior. Usually for the left moving modes, one maintains the same functional form
as before, and for the right moving modes one takes: vˆRω˜ =
1√
2ω˜
eiω˜σ
−
inΘ(x−+∆).
It is convenient to replace the above delocalized plane wave modes by a complete
orthonormal set of discrete and sharply localized wave packets modes [9, 14],
vL/Rn j =
1√
ε
∫ ( j+1)ε
jε
dωe2piiωn/εvL/Rω , (4)
where the integers j ≥ 0 and −∞ < n < ∞. These wave packets are peaked about
σ+/− = 2pin/ε with width 2pi/ε respectively.
The non-trivial Bogolyubov transformations are only relevant in the right moving
sector, and are the ones that in fact account for the Hawking radiation. The initial
state, corresponding to the vacuum for the right moving modes, and the left moving
pulse (which leads to the formation of the black hole) |Ψin〉= |0in〉R⊗|Pulse〉L can
be expanded in the out basis:
N∑
Fn j
CFn j
∣∣Fn j〉ext ⊗ ∣∣Fn j〉int ⊗|Pulse〉L , (5)
where the states
∣∣Fn j〉 are characterized by the finite occupation numbers {Fn j} for
each corresponding mode n, j; N is a normalization constant, and the coefficients
CFn j ’s are determined by the Bogolyubov transformations.
4 Gravitational induced collapse of wave-function and loss of
information
As we have mentioned in the very beginning, the wave-function collapse model,
as given by the CSL theory, needs to be adapted in order to be applicable to the
problem at hand. One novel addition to the already developed CSL theory, is our
hypothesis that gravitational field enhances the rate of wave-function collapse. This
can be achieved by making the collapse rate as a function of the Weyl curvature
scalar WabcdW abcd as first suggested by Okon and Sudarsky [21]. That is, even in the
absence of any measuring device/observer, in a spacetime region with enormously
large curvature (such as inside the horizon and towards the center of a black hole),
quantum superpositions are increasingly broken in a stochastic manner (provided by
the CSL stochasticity) and produces similar effects as those caused by an external
measurement usually considered in a laboratory context. It should be mentioned that
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such an effect of gravitation on quantum mechanics was strongly advocated by R.
Penrose in several of his works (see, for instance, [30, 31]) and we consider those
as a guiding path leading to our explicit demonstration.
We first note that in the multi-particle system, the CSL evolution (1) is general-
ized to
|ψ, t〉wα = Tˆ e
−∫ t0 dt ′[iHˆ+ 14λ0 ∑α [wα (t ′)−2λ0Aˆα ]2]|ψ,0〉, (6)
where α is an index labeling the set of particles. Our aim is to consider a CSL evo-
lution (analogous to (6) applied to a field theory with the index α having a different
meaning) of the initial state (5). Moreover we will treat CSL as an interaction term,
so that the free Hamiltonian will be set to zero, i.e H = 0 in (6). As we are using
this equation in the context of QFT in curved spacetime, we need to choose a new
operator, that must be constructed using the field operator and its derivatives. One
such operator is the number operator (for right moving modes) defined in the interior
Fock basis times the identity for the exterior Fock basis:
Aˆα = Nˆintn j ⊗ Iext (7)
for all n, j, where Nˆintn j = Nˆ
int(R)
n j ⊗ Iint(L) and Iext = Iext(L)⊗ Iext(R). This ensures that
the collapse will make the wave-packet to peak about particular values of n and j
(which will be picked randomly depending on the specific realization of the noise
wn j(t)). In the standard CSL type evolution (6) it takes, strictly speaking, an infinite
amount of time to fully collapse the wave-function to an eigenstate of the collapse
operator due to the finite value of the collapse parameter λ0. It is to be noted that
the experimental bounds on λ0 come from laboratory based experiments that are,
of course, performed in a spacetime regions where curvature is negligible. Here we
make a hypothesis that the collapse rate is in fact sensitive to the local curvature, so
that a more general expression must have the following form
λ (W 2) = λ0
(
1+(W 2/µ2)γ
)
(8)
where µ is an appropriate scale and γ ≥ 1. One anticipated effect of this, is to gener-
ate an complete effective collapse of the quantum state, taking place in a finite time
interval.
In the particular case of 2D models the Weyl scalar vanishes identically so in-
stead, for this special case, we assume that λ is determined by the Ricci scalar.
Thus, for this specific case (8) is replaced by,
λ (R) = λ0 (1+(R/µ)γ) (9)
where, for the CGHS black hole R = 4MΛM/Λ−Λ2(T 2−X2) . The Kruskal time and space
coordinates are respectively T = x
++x−+∆
2 and X =
x+−x−−∆
2 . Next we provide a
brief account of calculation, further details can be found in [19], [20].
Foliation of the spacetime: To implement CSL in the black hole model we need
to foliate the spacetime with an appropriately defined spacelike/Cauchy slices, as
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Fig. 3 Foliation of the CGHS spacetime by Cauchy slices. All the plots have fixed M/Λ 3 = 4.42,
while T = 0.1,0.5,1,3 (in magenta, blue, orange and green) as the joining T = const. curves.
plotted in Fig. 3, and use the time evolution from one slide to the other. As there
is no natural notion of “time” in the relevant regions of these spacetimes, we take
a convenient time parameter (τ) that will be used to characterize the quantum state
evolution, according to the CSL dynamics.
We define the Cauchy slices to be Schwarzschild r = const. inside the horizon
and Schwarzschild t = const. outside the horizon, and join them by surfaces with
Kruskal T = const.. The intersection curves joining the family of Cauchy slices
r = const. and T = const. at one end (inside horizon) is chosen to be T1(X) =(
X2+ MΛ3 e
−2Λ/√X
)1/2
, whereas, at the other end (outside horizon) the intersection
curve T2(X) can be found just by using a reflection about the event horizon T = X .
We fix the value of the “time” parameter τ as the value of the coordinate T on
the intersection of r = const. with X = 0 (or T axis), so that the Ricci scalar is
expressed as R = 4MΛM/Λ−Λ2τ2 . It is now clear that R diverges for some finite value of
τ = τs = M
1/2
Λ3/2
corresponding to the divergence of R that characterizes the singularity.
Evolution of the quantum state: In standard CSL theory state is evolved accord-
ing to the equation (6), which, in the present situation is subjected to the changing
collapse parameter (9), that become a function of time parameter τ and, the collapse
operators (7). The initial state for the right moving modes, traveling from I −R to
I +R is denoted by the “in” vacuum for right moving modes, which can be expressed
in the “out” basis according to (5) (we leave for the moment the “pulse” which is
left moving and forms the black hole). The evolution equation of the state vector for
right moving modes become
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|Ψ ,τ〉R = N∑
F
CFn j e
−∫ τo dτ ′[ 14λ ∑n, j(wn j−2λFn j)2]|Fn j〉intR ⊗|Fn j〉extR (10)
where Fn j is the eigenvalue of the operator Nˆintn j while acting on the state |F〉int . As
τ approaches τs the Cauchy slices tend to reach the spacetime singularity, and R
diverges. This divergence in R makes the integral in (10) divergent, and thus the
initial state collapses to a state with definite quantum numbers n, j, giving
lim
τ→τs
|Ψ ,τ〉R = NCFn0 j0 |Fn0 j0〉
int
R ⊗|Fn0 j0〉extR , (11)
on the hypersurface Σ1 (Fig. 4) as it approaches the singularity. As the level of each
mode’s excitation depends on the realization of the stochastic value wn j(τs), the final
state after collapse, although remains pure, it is undetermined.
Evolution at the ensemble level as given by the density matrix: To account for
the lack of predictability of the final state we consider a large collection of systems
all prepared in the same initial state and use an ensemble description in terms of a
density matrix. The evolution equation becomes
ρR(τ) = N2∑
F,G
e−
pi
Λ (EF+EG)e−∑n j(Fn j−Gn j)
2 ∫ τ
τ0
dτ ′ λ (τ
′)
2 |F〉intR ⊗|F〉extR 〈G|intR ⊗〈G|extR .
(12)
Therefore, near the singularity (on Σ1 in Fig. 4), as λ diverges in the exponential fac-
tor, the result is a diagonal density matrix of the form (omitting n, j from subscript
for simplified notation and putting explicit expression for CF ):
lim
τ→τs
ρR(τ) = N2∑
F
e−
2pi
Λ EF |F〉intR ⊗|F〉extR 〈F |intR ⊗〈F |extR , (13)
where EF = ∑n jωn jFn j is the total energy of the final excited state.
The description of the state vector and density matrix is complete once we in-
clude the left moving matter pulse, so that
lim
τ→τs
|Ψ ,τ〉R = Ne−
pi
Λ EF0 |F0〉intR ⊗|F0〉extR ⊗|Pulse〉L (14)
lim
τ→τs
ρ(τ) = N2∑
F
e−
2pi
Λ EF |F〉intR ⊗|F〉extR 〈F |intR ⊗〈F |extR ⊗|Pulse〉L 〈Pulse|L .(15)
where F0 is understood as a specific particle excited state Fn0 j0 and EF0 is the energy
of this state.
Quantum gravity (QG) and resolution of singularity: To pass from the hyper-
surface Σ1 to Σ f , in Fig. 4, one has to rely on a theory of QG which is likely to
involve giving up the classical notion of “spacetime” . In the absence of any fully
workable theory of that kind, we make a few natural assumptions about QG theory,
namely that – (i) it resolves the singularity and leads on the other side, to a regime
describable with standard classical notions of space-time , (ii) it does not lead to
arbitrarily large violations of standard conservation laws such a energy conserva-
tion. If so, then QG makes following operation after combining the negative energy
12 Sujoy K. Modak and Daniel Sudarsky
I′
             
           ∑1
Exterior BH
II
             ∑0
Linear
Dilaton 
Vacuum
   I
               
                 
                   
Interior
BH
         III    H+
ℑL
-
햎-
햎+
햎0
ℑR
-
ℑL
+
x+x-
(-∞, 0)
∞0
   x0+ 
Matter
Pulse
ℑR
+
∑f
Post Singularity
Quantum  Gravity
Fig. 4 Penrose diagram of CGHS spacetime with Quantum Gravity (QG) region.
state |F0〉intR (which is complementary to Hawking radiation) with the positive matter
|Pulse〉
|F0〉intR ⊗|Pulse〉L→ |p.s〉, (16)
where |p.s〉 is a post-singularity quantum state with almost vanishing energy and
residing as the complement of Hawking radiation nearI +R on Σ f . Then on the final
hyper-surface Σ f , the quantum state and the density matrix becomes
|Ψ〉R = Ne−
pi
Λ EF0 ⊗|F0〉extR ⊗|p.s〉 (17)
ρ = N2∑
F
e−
2pi
µ EF |F〉extR 〈F |extR ⊗|p.s〉〈p.s| . (18)
= ρextthermal⊗ Iextp.s. (19)
The resulting picture, therefore, indicates that the final state on the Cauchy slice Σ f ,
for an individual system is pure, yet undetermined while at the ensemble level it is
proper mixed state as the density matrix is clearly thermal on the asymptotic regime
times a state with a very low energy ( and idealized to be vacuum ) characterizing
the remaining portion of Σ f , (which is then taken to be a portion of flat spacetime).
Thus the complete evolution is non-unitary and information is lost, mainly in the
interior of the black hole, as a consequence of wave-function collapse. There is of
course nothing paradoxical in this picture.
Modelling non-paradoxical loss of information in black hole evaporation 13
5 Discussions
We have put forward a novel proposal involving gravitational influenced wave-
function collapse which we showed can account for the enormous loss of infor-
mation in black hole evaporation which thus leads to a dissolution of the so called
“paradox”. On a broader perspective, this opens up a rather interesting possibility:
that in the energy scale interpolating between, say, the current LHC (or the Standard
Model) energy scale (about 10 TeV) and somewhere below the QG scale2 (1016
TeV), there could be important effects describable in the context of the standard
model of particle physics adapted to the modified quantum field theory constructed
on curved space-times with the additional feature of gravitational induced quan-
tum state reduction, as provided, say, by one of the relativistic collapse proposals
[5, 28, 29, 33, 34]. Could it be, for instance, that the issue of the radiative corrections
induced quantum instability of the Higgs potential are modified by the introduction
of such modifications? Could we do with a scheme where supper-symmetry is not
needed and have similar benefits arising, instead, from the effects of quantum col-
lapse? We believe this line of inquire might offer interesting insights and modify the
perspectives for physics beyond standard model, and perhaps the expectations for
phenomenology of quantum gravity.
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